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INTRODUCTION

Researchers in the 1960's discovered that certain metallic compounds are even more
effective flame inhibitors than the halogens [1-3]. In particular, iron pentacarbonyl was
found to be up to two orders of magnitude more effective at reducing the burning
velocity of hydrocarbon-air flames than Br-containing compounds [1,4]. However, the
rapid adoption of CF3Br as a fire suppressant led to a reduction in research on other
agents, and the inhibition mechanism of Fe(CO)s remained undetermined. As part of
the search for replacements for CF3sBr, the mechanism of Fe(CO)s is being re-examined.

In previous research [5-8] we have confirmed that Fe(CO)s is extraordinarily
effective, but have also found that its incremental effectiveness decreases rapidly as it is
added in higher concentrations. For example, adding 200 ppm of Fe(CO)s to premixed
methane-air flames reduces the burning velocity by nearly 50%, but increasing the
concentration beyond 200 ppm does not lead to significant additional reduction. The
goal of the present research is to understand both the powerful inhibition at low
concentration and the lack of additional effect as more inhibitor is added. A critical
part of the research on Fe(CO)s is to understand iron pentacarbonyl’s diminishing
effectiveness at high mole fraction in order to avoid similar behavior in future fire
suppressants. We also seek to determine the relative effects of homogeneous and
heterogeneous chemistry in the Fe(CO)s inhibition mechanism. If particulates play a
key role in the inhibition, then the search for halon alternatives could be directed
toward chemicals that produce similar condensed-phase compounds.

Our study of flame inhibition is intended to provide insights into flame
suppression. Although the processes have different end points (weakening the flame
vs. extinguishing it), the underlying mechanism is similar: the agent reduces the
overall reaction rate of the fuel-air mixture. Inhibition can be viewed as the stage of
suppression in which the inhibitor weakens the flame, making it more vulnerable to
extinction by external factors such as heat loss or fluid-mechanical instability.

Inhibition—and eventually suppression—occurs as the agent reduces the rate of
heat release of the flame. For chemically-acting agents, the agent interferes with the
reactions which consume the fuel and intermediates. Hence, we can study the effect of
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small agent concentrations on flame chemistry, and build chemical kinetic models
which describe the effect of the agent on the combustion reactions. By using
laboratory-scale premixed and diffusion flames that are amenable to modeling, we can
validate the chemical kinetic model and gain insight into which processes are most
important. Later, we can continue to construct and refine the mechanism for higher
inhibitor concentrations and for flames and fuels which are more representative of fires.
Finally, an understanding of the modes of action of effective agents such as Fe(CO)s can
lead researchers to chemicals that have similar favorable properties, while avoiding
characteristics such as diminishing effectiveness at high concentration.

In this paper, results of numerical simulations of one-dimensional premixed
flames of methane, oxygen, nitrogen and iron pentacarbonyl are presented and
compared with experimental measurements to provide insight into the inhibition
mechanism. Additionally, premixed flames with argon replacing a portion of the
nitrogen are used to examine the effect of flame temperature on the inhibition. For
diffusion flames, calculated extinction strain rates of counterflow flames are compared
with experimental measurements for cases in which the inhibitor is added to the fuel or
air stream.

EXPERIMENTAL APPROACH

The approach in the present research is to determine the effect of Fe(CO)s on the overall
reaction rate of hydrocarbon-air flames. Since this reaction rate is a fundamental
parameter affecting the stabilization and fuel consumption rate of fires, the extent to
which it is influenced by the agent is a first measure of the agent’s potential as a fire
suppressant.  Although tests on full-scale fires will be required to assure the
effectiveness of any agent, laboratory burners have several important benefits. Their
simplicity allows rapid assessment of inhibitor performance in many flame conditions
and at various concentrations, and the flames are highly reproducible and stable.
Finally, in a well-designed laboratory burner, there is little ambiguity about how much
agent reaches the flame.

Two methods are used to obtain overall reaction rate information: measurements
of the burning velocity of premixed laminar flames, and measurements of the
extinction strain rate of counterflow diffusion flames. Experimental results and the
experimental arrangements are described in detail in Ref. [8]. Both methods provide
nearly adiabatic flames in which the measured parameter is easily related to the overall
reaction rate, allowing straightforward interpretation of the effect of the inhibitor. In
addition, both flames are easily modeled with existing computer programs. By using
detailed chemical kinetic mechanisms together with full transport calculations, the
chemical species profiles throughout the flames are calculated. These results provide
great insight into both the chemical and physical mechanisms of the inhibitor.
Although techniques such as detailed flame structure measurements provide
information about the chemical species at each location in the flame for one particular
condition, the present burning velocity and extinction strain rate measurements have



the advantage of allowing rapid testing of the effect of the inhibitor over a wider range
of conditions.

MODELING APPROACH

In order to understand the powerful inhibition of Fe(CO)s, we solve the equations of
mass, momentum, and energy conservation using existing numerical models. The
detailed chemical Kkinetics are described by comprehensive mechanisms for methane
oxidation and iron-species inhibition. All calculations and experiments describe flames
at one atmosphere pressure, with Fe(CO)s added to reactant streams in concentrations
of up to 500 ppm.

One-dimensional freely-propagating premixed flames are simulated using the
Sandia flame code Premix §[9], the Chemkin subroutines [10], and the transport property
subroutines [11]. The kinetic and thermodynamic data of GRI-Mech 1.2 [12] (32 species
and 177 chemical reactions) serves as a basis for describing the methane combustion,
with iron species and reactions added as described below.

One-dimensional counterflow diffusion flames are simulated with a numerical
code developed by Smooke [13] and a one-carbon mechanism for methane oxidation
[14] (17 species and 52 chemical reactions). The somewhat smaller methane mechanism
captures the important chemistry of the flame, while reducing the computational time
required for calculating the extinction of the counterflow flames.

INHIBITION MECHANISM

Previous flame inhibition studies of Fe(CO)s have been outlined in Refs. [5,8].
Although the effect of the agent on the mole fraction of OH radical downstream of the
reaction zone was noted, and several important intermediate species were detected
spectroscopically [4], no detailed mechanism was proposed. In work related to flame
inhibition, authors have discussed inhibition mechanisms that involve catalytic removal
of H atoms by metal species (atomic, oxide, or hydroxide). In addition, metallic
compounds have been studied in high temperature reacting flows for applications such
as flame suppression and materials synthesis, and rates for reactions involving gas-
phase metallic compounds are available in the literature. A compilation of reactions
and rates for metals in flames can be found in Ref. [15]. The present work is an
extension of previous work [7] in which a gas-phase inhibition mechanism was
developed based largely upon the work of Jensen and Jones [16]. For completeness, the
mechanism has now been expanded to include a more comprehensive set of iron-
species reactions, a more detailed decomposition route for Fe(CO)s, and a different
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route for formation of FeO. The dominant inhibition reactions, however, are
fundamentally unchanged

Using information in the literature and reaction analysis, we compiled a list of
iron-containing species that could exist at significant concentrations in flames. In the
mechanism used here, the Fe(CO)s decomposition products are Fe(CO)s, Fe(CO)s,
Fe(CO),, FeCO, and Fe [17-20], and the intermediates and product species are Fe, FeO,
FeOH, Fe(OH),, Fe(O)OH, FeO,, and FeH. There is little evidence that any other iron
compounds can exist at significant concentrations for conditions discussed in this
paper. For the iron-containing compounds, the thermodynamic data are from
references [21-23], and the transport properties are estimated. The complete reaction
mechanism (12 species and 55 reactions) can be obtained from Ref. [24] or by contacting
the authors. It should be emphasized that the comprehensive set of additional reactions
adopted for the present calculations should be considered only as a starting point.
Numerous changes to both the rates and the reactions may be made once a variety of
experimental and theoretical data are available for testing the mechanism.

The reaction mechanism consists of three parts: 1) decomposition of Fe(CO)s, 2)
conversion of iron atoms to scavenging species, and 3) scavenging of radicals through a
homogeneous catalytic reaction cycle [16]. These parts are schematically depicted in
Figure 1.

Fe(CO)s
l +0, +0
Fe » FeO, » FeO
+H
+H
FeOH Fe(OH),
+H

Figure 1: Schematic diagram of reaction pathways based on the gas-phase mechanism described in
this paper. Reaction partners are listed next to each arrow.

Our calculations show that the inhibition mechanism is dominated by the
catalytic cycle for H-atom recombination

FEOH+H « FeO +H, (1)
FeO + H,0 « Fe(OH); (2
Fe(OH); + H « FeOH + H.0O )

(nett H+H « Hy).

The cycle was developed by Jensen and Jones [16] to account for increased rates of
hydrogen atom recombination in the products of rich hydrogen-oxygen-nitrogen
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flames with addition of Fe(CO)s. They obtained rate constants by fitting calculated H-
atom concentration profiles to the experimental measurements. Although the rates for
the catalytic cycle were derived from a hydrogen-oxygen flame, the sequence is likely
to be applicable to a hydrocarbon flame because of the importance of hydrogen-oxygen
chemistry in those flames.

RESULTS AND DISCUSSION

Premixed Flames

The decrease in the laminar burning velocity is used as a measure of the inhibition
action of iron pentacarbonyl. Figure 2 shows the measured (symbols) and calculated
(lines) burning velocity of premixed methane-air flames as a function of initial Fe(CO)s
mole fraction (Xin). For the experiments, the uncertainty in the burning velocity,
equivalence ratio, oxygen concentration and Fe(CO)s mole fraction is £5%, £1.4%,
+1.1%, and 4%, respectively. The figure presents data for three values of the fuel-air
equivalence ratio f. The dotted line shows the calculated burning velocity when using
the original rates recommended by Jensen and Jones for reactions 1-3 [16]. These
calculations are in qualitative agreement with the measurements, but the predicted
inhibition is weaker. Sensitivity analysis and numerical experiments show that the
burning rate is insensitive to both the decomposition rate of Fe(CO)s and the reaction
pathway for Fe conversion to FeO. The burning rate is sensitive to each reaction in the
catalytic cycle (reactions 1-3), roughly equally.
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Figure 2: Calculated and measured burning velocity of premixed CHJ/O2/N; flames with Xo,ox = 0.21
and varying amounts of Fe(CO)s. The solid lines are the calculated burning velocities using the rates
in [24]; the dashed line is the calculated burning velocity using the mechanism with the original pre-
exponential factors for reactions 1-3 from Ref. [16]. Symbols are measured normalized burning
velocity from Ref. [8] for f =0.9 (triangles), f =1.0 (circles) and f =1.1 (squares).



Increasing the pre-exponential term of the specific reaction rate constant by the
reported uncertainties (3X, 5X, and 3X for the three reactions, respectively) increases the
inhibition effect and leads to better quantitative agreement with the measurements at
f=1.0 and Xo,:x=0.21 (Xo,ox refers to the oxygen mole fraction in the oxidizer prior to

mixing with the fuel). Calculated results with these higher reaction rates are shown as
solid lines in Figure 2 (For the remainder of the present analyses and figures, these
higher values of the pre-exponential term are used.) Such modifications to the
mechanism lead to reaction rates that are nearly gas kinetic. Some justification for the
use of higher rates exists because of the possibility of condensation of iron species in the
experiments of Ref. [16], and because the rates are only modified within the reported
uncertainty. Nonetheless, it should be emphasized that Jensen and Jones’ rate constants
were deduced based on measurements in the recombination region of hydrogen-
oxygen-nitrogen flames, whereas the present flames are methane-oxygen-nitrogen.
Differences in the overall catalytic recombination rates caused by the iron species may
be due to additional reactions in the present hydrocarbon system.

Two important features of the inhibition by Fe(CO)s are captured by the
calculations: the strong initial inhibition, and the decrease in the incremental effect of
Fe(CO)s for concentrations above 100 ppm. The experiments, however, show a more
abrupt decrease in the inhibition effectiveness at higher Fe(CO)s mole fractions than do
the calculations. Interrogation of the numerical modeling results reveals that the strong
inhibition at low mole fraction is due to the early formation of the intermediate species
in Reactions 1-3, and the rapid progress of these reactions. For the decrease in the
effectiveness as the concentration of Fe(CO)s increases, the model shows that as the
inhibition cycle acts to recombine radicals, but that as fewer radicals exist to recombine,
the effectiveness decreases, as described below.

In the reaction zone of premixed flames, hydrogen atom is typically present in
superequilibrium concentrations. The decrease in the calculated inhibition effect as Xin
increases is due to the decrease in the quantity of superequilibrium H atoms (defined as
the difference between the peak Xy in the flame and the equilibrium Xy at the flame
temperature) [7, 8, 25, 26]. This decrease can be seen in Figure 3, in which X peak - Xieq
is plotted for varying Xin as determined from the calculations for the f =1.0 flame, and a
saturation effect is apparent. Interestingly, halogenated flame inhibitors also show a
saturation effect [27, 28], and this cause of the reduced effectiveness (reduction in
radical superequilibrium) may be the same.
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Figure 3: Calculated dependence of superequilibrium H-atom mole fraction (Xu peak - XH,eq) ON Fe(CO)s
addition in premixed stoichiometric flames with Xo,ox = 0.21,. The calculated value of Xpeq is

approximately 2.8X.04 (for Xi, = 0).

The effect of oxygen mole fraction on the burning velocity is presented in Figure
4, which shows the normalized burning velocity as a function of Xi, for f=1.0 flames
with three oxidizer compositions: Xo,.x = 0.20, 0.21, and 0.24 (results for f = 1.1, and 0.9

are qualitatively similar). The normalized burning velocity is defined as the burning
velocity of the inhibited flame divided by the burning velocity of the uninhibited flame
(which can be found in Table 1). The experimental results show that as Xo,.x increases,

the inhibition effect at low mole fraction (i.e., the slope) decreases. As Figure 4
illustrates, the numerical model qualitatively predicts this behavior. Examination of
the numerical results shows that for stoichiometric flames with 50 ppm Fe(CO)s in the
reactants, the catalytic recombination mechanism accounts for 20, 19, and 15% of the
total H-atom reaction flux for consumption of H, for Xo,x=0.20, 0.21, and 0.24. That is,

Table 1: Calculated (vonum) burning velocities, measured (Voexp) burning velocities, and calculated
maximum temperatures (Tmaxnum) for the uninhibited premixed flames. Data for flames without
argon are from Ref. [8].

f XOZ,ox Xar Vo,num Vo,exp T max,num
X + Xy, (cm/s) (cm/s) (K)
0.9 0.21 0 36.5 37.1+19 2130
1.0 0.20 0 35.8 33.2+1.7 2180
1.0 0.21 0 40.6 454 +1.4 2230
1.0 0.24 0 55.6 59.2+3.0 2350
1.1 0.21 0 40.7 39.3+20 2210
1.1 0.21 0.424 53.2 58.5+3.2 2350
1.1 0.21 0.63 60.7 68.1+3.9 2420




at higher oxygen mole fractions, the creation and destruction fluxes for hydrogen
become larger, and the iron-species reactions become a smaller fraction of the total flux
(for a fixed initial inhibitor mole fraction).

As Figure 2 and Figure 4 illustrate, the experiments show a much greater decrease in
the effectiveness of Fe(CO)s as the mole fraction increases than the calculations predict.
One possible explanation for this discrepancy is that as the mole fraction of inhibitor
increases, there is a loss of the radical-scavenging iron species which is not yet
accounted for in the kinetic mechanism. Since the iron species exist in mole fractions
above their vapor pressure [7, 24], it is possible that condensation of iron species
represents a loss mechanism that is not accounted for in the calculations. This
explanation is consistent with the shift in the value of Xi» where the diminished
effectiveness occurs in the experiments as shown in Figure 4. That is, at higher
temperatures, there will be a higher vapor pressure for condensed iron species, so the
drop-off in effectiveness will not occur until higher Fe(CO)s mole fractions are reached.
Unfortunately, varying the oxygen mole fraction in Figure 4 changes the temperature
and the mole fraction of oxygen-containing species in the flame, both of which can
change the condensation properties.
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Figure 4: Calculations and measurements of normalized burning velocity of premixed CH./O2/N;
flames with Xo,0x = 0.20 (squares), 0.21 (circles), and 0.24 (triangles). f = 1.0. Experimental data from

Ref. [8].

In premixed methane-oxygen-diluent flames it is possible to vary the flame
temperature without varying f and Xo,.x by changing the composition of the diluent. In

this case, we replace nitrogen with argon, thus causing the flame temperature to
increase. Figure 5 shows the measured and calculated normalized burning velocity of



methane flames at Xo,0x=0.21 and f =1.1 for final calculated temperatures of 2230, 2350,
and 2420 K. Two results stand out. As the gas temperature increases, 1) the inhibition
is weaker, and 2) the point at which the normalized burning velocity levels off shifts to
a higher value of Xi, . The stronger inhibition at lower temperature is a result of a
decrease in the quantity of superequilibrium H atoms as described above. The change
in leveling-off point may be due to higher vapor pressure of the iron compounds at
higher temperature (as discussed in Ref. [24]).
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Figure 5: Calculations (lines) and measurements (symbols) of normalized burning velocity of
premixed CH4/O,/Ny/Ar flames with temperatures of 2230 K (no Ar, squares), 2350 K (42.4% of N
replaced with Ar, circles), and 2420 K (63% of N replaced with Ar, triangles). f=1.1and Xo,ox = 0.21.

Counterflow Diffusion Flames

Counterflow diffusion flames provide additional opportunities to study the behavior of
Fe(CO)s. The inhibitor can be subjected to different chemical and thermal histories by
varying the reactants, the location of the inhibitor addition, and the flame location. The
reduction in the extinction strain rate (a.x, defined as the axial velocity gradient in the
oxidizer stream at extinction) is used as a measure of the inhibition action of iron
pentacarbonyl.

The counterflow diffusion flame results are presented in terms of a normalized
extinction strain rate, which is defined as the ratio of the extinction strain rate of an
inhibited flame to that of an uninhibited flame. The normalized value is used since
Chelliah et al. [29] have shown that the absolute values of a.x: can depend on
experimental burner design and the numerical description of the flow field, whereas
the trends in a.: are independent of the flow-field characteristics in the experiment or
model.

Figure 6 shows the measured and calculated normalized extinction strain rates
for a methane-air flame with varying Fe(CO)s input. The flame is located on the



oxidizer side of the stagnation plane, and the maximum temperature is approximately
1800 K at extinction. For the uninhibited flame, the measured a. is 610 + 30 s*and the
calculated aex: is 520 st. Experimental results [8] show that when Fe(CO)s is added to
the oxidizer stream a significant decrease in a. results. In contrast, when the Fe(CO)s is
added to the fuel stream, little change in a.: results. The numerical simulations
qualitatively reproduce the significant dependence of inhibition on the location of
Fe(CO)s addition.

Normalized Extinction Strain Rate
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Figure 6: Normalized extinction strain rate for counterflow diffusion flame as Fe(CO)s input varies.
Closed symbols: measurements with the Fe(CO)s in the oxidizer; open symbols: measurements with
Fe(CO)s in the fuel; solid line: calculations with Fe(CO)s in the oxidizer; and dashed line: calculation
with Fe(CO)s in the fuel. Experimental data from Ref. [8].

CONCLUSIONS

While the highly efficient inhibition action of metallic compounds in hydrocarbon-air
flames has been known for some time, there has existed controversy in the literature as
to whether the mechanism involves gas-phase or heterogeneous chemistry. This paper
presents numerical modeling of iron pentacarbonyl's extremely strong inhibition action
in Bunsen-type premixed and counterflow diffusion flames, and provides evidence that
inhibition occurs primarily by homogeneous gas-phase chemistry at low initial Fe(CO)s
mole fraction. While we do not believe that the present calculations explicitly rule out
heterogeneous chemical effects, we believe that the mechanism, based on homogeneous
chemistry, can explain many—but not all—of our measurements.

Calculations using the rate constants for the catalytic cycle reactions (1-3)
suggested in Ref. [16] yield normalized burning velocities in qualitative agreement
with experimental measurements; however, they predict less inhibition than was
measured. Analysis of the numerical results confirms that the primary inhibition
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occurs through the catalytic cycle of reactions (1-3). An increase in the rate constants
(within experimental uncertainty) of these reactions leads to improved agreement
between experiments and calculations at low Fe(CO)s mole fractions for several
equivalence ratios and oxygen concentrations. At higher initial Fe(CO)s mole fractions,
however, the calculations predict a stronger effect than measured and do not predict as
severe a leveling off in burning velocity. Likewise, for a counterflow diffusion flame of
methane flowing against air, calculations of the extinction strain rate agree with
experimental measurements at low values of X, but at higher Xi, the simulations
predict a stronger effect on a.: than was measured.

The performance of the present gas-phase mechanism is considered very good,
and it provides evidence that the flame inhibition effect of Fe(CO)s is primarily a result
of gas-phase scavenging reactions. Nonetheless, certain experimental observations are
not fully accounted for. In particular, the predicted inhibition for lean premixed flames
is not strong enough. The range of flame temperature studied here is fairly narrow:
about 2100 K to 2400 K in the premixed flames and about 1800 K to 2000 K in the
diffusion flames. Future research will examine a wider variety of counterflow
diffusion flames—which will allow greater variation in temperature and gas
composition—and will measure particulate properties to elucidate the role of
condensed iron compounds. More research is desirable to test the validity of the higher
rates for reactions 1-3 indicated here, and to determine if additional inhibition reactions
are important in hydrocarbon flames.
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